Abstract. Evodiamine is a botanical alkaloid compound extracted from Tetradium plants. Previous studies have reported that evodiamine (Evo) treatment can reduce food uptake and improve insulin resistance in animals . The skeletal muscle comprises about 40% of the body mass of adults and has a vital role in regulating whole body glucose metabolism and energy metabolism. However, the effect of Evo on skeletal muscle is unclear. The main aim of the present study was to investigate the effect of Evo on the differentiation and proliferation of the mouse c2c12 muscle cell line. The results demonstrated that Evo promoted the expression of myogenic marker genes (Myogenin and muscle myosin heavy chain) and increased myoblast differentiation, potentially via activation of the Wnt/β-catenin pathway. Furthermore, Evo increased mRNA expression of p21, reduced mRNA expression of Cyclin B, Cyclin D and Cyclin E and reduced the percentage of proliferating cells. Also, phosphorylation of ERK1/2 was decreased by Evo treatment during cell proliferation. In conclusion, these findings indicated that Evo has marked effects on skeletal muscle development.
Introduction
Chinese herbal medicine has become a popular field of study. For instance, artemisinins inhibit the development of a broader age range of parasites than quinine and other antimalarial drugs (1) . Myricetin has a negative effect on proliferation and induces apoptosis in gastric cancer cells (2) . Evodiamine (Evo) is a quinozole alkaloid constituent of Evodia rutaecarpa extracted from the fruit of Evodia fructus (dried fruits of Evodia rutaecarpa Bentham, Rutaceae) (3, 4) . Evodia fruits, known as 'Wu-chu-Yu', have been prescribed for the treatment of headaches, thoracicoabdominal pain and vomiting caused by a cold or a cold constitution in both traditional chinese and Japanese medicine. The chinese literature refers to Evodia fruits as a 'hot nature' herb, which is the same category chilli peppers belong to. Previous studies have reported that Evo exhibits antitumor, anti-inflammatory and vasorelaxant properties (5) (6) (7) . Furthermore, was demonstrated to Evo activate extracellular signal-regulated kinase (ERK) signalling, which inhibited adipogenesis (8) . However, at present, the effect of Evo on myogenesis has not been reported.
Skeletal muscle accounts for 40% of the total human body mass. Skeletal muscle has extensive metabolic and functional plasticity and a robust regenerative capacity (9) . during myogenesis, there are two phases of proliferation and differentiation, which are precisely regulated by an ordered set of cellular events. The Myod family, a basic helix-loop-helix, includes four members [myogenic differentiation 1 (Myod), myogenic factor 5, Myogenin (MyoG) and myogenic factor 6], are the major molecular mediators regulating skeletal myogenesis (10, 11) . c2c12 cells are regarded as a bioassay system in vitro. At present, this model has been used extensively in studies of the effects of muscle growth factors on muscular atrophy and hypertrophy, cell replication and apoptosis (12, 13) .
Wnt/β-catenin signalling has a vital role in the development of embryonic muscle and proliferation of satellite cells during skeletal muscle regeneration (14, 15) . β-catenin translocation to nucleus activates Wnt signalling pathway, and WNT3a enhances the myogenic differentiation of c2c12 muscle cells (16) . The association of Axin and glycogen synthases kinase (GSK) 3β disrupts the β-catenin complex, which results in the accumulation of β-catenin in the nucleus and activation of target genes through displacing transcriptional repressors. (17) .
In normal mammalian cells, ERK1/ERK2 has an important central role in the regulation of cell proliferation and is required for cells to move from G0 through G1 and into S phase (18) . In 3T3-L1 preadipocytes, Evo activates ERK phosphorylation, which in turn inhibits adipocyte differentiation (8) .
Given that Evo regulates the proliferation, differentiation and apoptosis of multiple cell types and that Wnt/β-catenin signalling is essential for myogenesis, we hypothesize that Evo may affect c2c12 myoblast differentiation through the Wnt/β-catenin signalling pathway. In the present study, it was demonstrated that Evo promotes the differentiation of c2c12 cells and inhibits proliferation.
Materials and methods
Cell culture. c2c12 mouse myoblast cell line (American Type culture collection, Manassas, VA, USA) was cultured in Dulbecco's modified Eagle's medium (DMEM; Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% (v/v) foetal bovine serum (Hyclone; GE Healthcare Life Sciences, Logan, UT, USA), 2 mM glutamine and 1% (v/v) penicillin/streptomycin [growth medium, (GM)]. Cells were cultured at 37˚C with 5% CO 2 . When the cell density reached 90% conflue nce, the GM was replaced with a differentiation medium (dM), which was dMEM supplemented with 2% (v/v) horse serum (Hyclone; GE Healthcare Life Sciences), 2 mM L-glutamine, and 1% (v/v) penicillin/streptomycin solution. The media was changed every 2 days. Evo (purity >98.0%; Xi'an Guanyu Bio-Tech co., Ltd., Xi'an, china) was diluted to 50, 100 and 200 nM using dimethyl sulfoxide (dMSO).
Evo supplementation and DMSO negative control. To determine the effect of Evo on the differentiation of c2c12, there were two Evo treatments. Initially, different concentrations (50, 100 and 200 nM) of Evo were added to the dM on differentiation day 0, and then the experiments were performed on differe ntiation day 2 or 4. Subsequently, following differentiation for 2 days, differentiation concentrations (100 and 200 nM) of Evo were added to the dM, and experiment were performed on differentiation day 4 or 6. To determine the effect of Evo on the proliferation of c2c12, GM was supplemented with Evo when the cell density reached 30-40%.
RNA extraction and reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total RNA was extracted using a TRIzol ® reagent (Life Technologies; Thermo Fisher Scientific, Inc.). The RNA quality and concentration were determined using agarose gel electrophoresis and Nanodrop 2.0 (Nanodrop Technologies; Thermo Fisher Scientific, Inc., Wilmington, dE, USA), respectively. Then, 1 µg of the total RNA was processed into single-stranded cdNA using an RT kit (Takara Biotechnology co., Ltd., dalian, chin). RNA (1 µg) was reverse transcribed using PrimeScript RT reagent kit with gdNA Eraser. The RT program include two steps as follows: 42˚C for 2 min, followed by 15 min at 37˚C and 85˚C for 5 sec. qPcR was performed using a SYBR ® -Green kit (Takara Biotechnology co., Ltd.) in triplicate on a Bio-Rad iQTM5 (Bio-Rad Laboratories, Inc., Hercules, cA, USA). The qPCR program was as follows: 95˚C for 30 sec, followed by 40 cycles of 5 sec at 95˚C and 30 sec at 60˚C. The relative mRNA expression level was normalized to GAPdH. The 2 -∆∆cq algorithm was employed to estimate the relative expression level of each gene (19) . Primer sequences are listed in Table I .
Flow cytometry. c2c12 cells were seeded in 60 mm dishes (1.6x10 5 cells per dish). At 24 h after supplementation with Evo, when the cell density reached 80% confluence, proliferating myoblasts were washed three times with cold phosphate-buffe red saline (PBS) and fixed in 70% ethanol at -20˚C overnight. Following centrifugation at 476 x g, at 4˚C for 5 min, the supernatants were discarded, and the cells were washed with PBS twice and resuspended in 0.5 ml 50 µg/ml propidium iodide (dojindo Molecular Technologies, Inc., Kumamoto, Japan) solution containing 0.2% (v/v) Triton X-100 and 100 µg/ml RNase A for 30 min at 4˚C. The cells were then tested with a flow cytometry instrument (FAcScalibur; Bd Biosciences, Franklin Lakes, NJ, USA), and data were analysed with the ModFit software (LT4.1; Verity Software House Inc., Topsham, ME, USA). The proliferative index indicates the proportion of mitotic cells from a total of 20,000 cells examined.
Proliferation assay. Labelling with 5-ethynyl-2'-deoxyuridine (EdU) is regarded as a marker that can detect dNA synthesis. At 24 and 48 h after supplementation with Evo, 10 µM EdU (Guangzhou RiboBio co., Ltd., Guangzhou, china) was added into the GM and incubated for 4 h. All the procedures were performed according to the manufacturer's protocol. cell nuclei were stained with Hoechst 33342 (Invitrogen; Thermo Fisher Scientific, Inc.) at a concentration of 5 µg/ml for 10 min. Subsequently, EdU-positive cells were visualized under a Immunocytofluorescence analysis. At 4 days post-myogenic differe ntiation, c2c12 cells were washed three times with cold PBS and fixed with 4% (w/v) paraformaldehyde for 30 min at room temperature. 0.5% (v/v) Triton™ X-100 (Sigma-Aldrich; Merck KGaA, darmstadt, Germany) was used for permeabilization for 20 min at room temperature. The cells were then blocked in 5% (w/v) bovine serum albumin diluted in PBS. After blocking for 1 h at room temperature, the cells were incu- bated with anti-MyHc antibody (1:200 in TBST; MAB4470; R&D Systems China Co., Ltd., Shanghai, China) at 37˚C for 2 h, followed by incubation with Alexa Fluor ® 568-labelled secondary antibody (cat. no. a-11079; Invitrogen; Thermo Fisher Scientific, Inc.) at 37˚C for 1 h. The nuclei were labelled with dAPI (1:1,000 in PBS; Roche diagnostics, Basel, Switzerland) for 10 min at room temperature. Images were captured using a Nikon TE2000 microscope (Nikon corporation). The differentiation index was determined as the percentage of MyHc-positive nuclei among total nuclei. The numbers of myotubes with 1-5 and 5 nuclei were counted and averaged among three images per treatment.
Statistical analysis. Each experiment was repeated three times independently, and each independent repeat was performed in triplicate. All experimental data are presented as the mean ± standard error and all figures were produced with GraphPad Prism 5 (GraphPad Software, Inc., La Jolla, cA, USA) One-way analy sis of variance followed by LSd and duncan post hoc tesst in SPSS 18.0 software was used to perform the variance analysis and significance test. P<0.05 was considered to indicate a statistically significant difference.
Results

Evo promotes C2C12 myogenic dif ferentiation.
To determine the effect of Evo during the early phase of c2c12 differentiation, Evo was added to the dM on differentiation day 0. Fig. 1A demonstrates that the different concentrations of Evo did not significantly influence myogenic differentiation on day 2 post-differentiation. In order to determine the effect of long term treatment on c2c12 differentiation, Evo was added to dM for 4 days. significantly increased the mRNA expression of MyoG and MyHC (Fig. 1B) . The expression of MyoD, a well-known marker of early myogenic stage, was not changed by Evo addition. Therefore, Evo may positively impact the middle and late stages of c2c12 differentiation.
Subsequently, Evo was added either at 100 or 200 nM to dM on differentiation day 2. The mRNA expression levels of two myogenic marker genes (MyoG and MyHC) were increased >2.5-fold, compared with those of the negative control (Fig. 1c) . Similarly, the same treatment was extended to differentiation day 6 (Fig. 1d) , and 100 nM Evo increased mRNA expression of MyHc but did not alter the expression of MyoD and MyoG compared with the control group (Fig. 1d) .
These results indicated that Evo treatment increases the mRNA expression of MyoG and MyHC. Additionally, the protein levels of MyoG and MyHC were significantly increased compared with the control on differentiation day 4 ( Fig. 2A  and B ). The population of myotubes was also markedly increased by Evo compared with the control (Fig. 2c) . Furthermore, the index of differentiation (Fig. 2d) and fusion (Fig. 2E) were also increased in cells treated with 100 nM Evo compared with the negative control. Thus, 100 nM Evo was selected as an appropriate concentration for further experiments. These results indicated that Evo had a positive effect on c2c12 differentiation at the middle and late stage.
Effect of on Wnt/β-catenin signalling in differentiating C2C12. To determine whether Evo promotes myoge nesis via Wnt/β-catenin signalling Evo was added to dM on differentiation day 2. On differentiation day 4 and 6 Axin2 transcription and the nuclear translocation of β-catenin were determined, which are two indicators of Wnt/β-catenin activity. Evo treatment significantly increased the mRNA expression of β-catenin and Axin2 at day 4 and 6 of differentiation compared with the negative control (Fig. 3A and B) . Evo treatment significantly increased the level of nuclear β-catenin ( Fig. 3c and d) . In addition, the mRNA expression of c-Myc, which is a known target of the canonical Wnt/β-catenin signalling pathway, was significantly upregulated in cells treated with Evo compared with the control (Fig. 3E) . These results suggested that Evo promotes c2c12 differentiation through activation of the Wnt/β-catenin signalling pathway.
Proliferation of C2C12 myoblasts is repressed by Evo treatment.
To investigate the effect of Evo on c2c12 myoblast proliferation, proliferation assays were performed in c2c12 cells by adding 100 nM Evo at different times. ccK-8 kit assays indicated that Evo decreased c2c12 cell proliferation after 24 and 48 h treatment compared with the control (Fig. 4A) .
Additionally, mRNA expression analyses of genes associated with proliferation revealed that mRNA expression of Cyclin B (sc-166152; Santa cruz Biotechnology, Santa cruz, cA, USA), Cyclin D (BM4272; Wuhan Boster Biological Technology, Ltd.) and Cyclin E (sc-377100; Santa cruz Biotechnology) were significantly decreased compared with the control after 24 h treatment (Fig. 4B) . However, the mRNA expression of p21, a well-known negative regulator of the cell cycle, was significantly increased by Evo (Fig. 4B) . The protein levels of the above genes were also detected by western blotting, and the results with consistent with the level of mRNA expression ( Fig. 4c-E) .
To further examine the direct effect of Evo on c2c12 proliferation, EdU incorporation was detected as an estimate of cell proliferation at 24 h. EdU is a thymidine analogue that can be inserted in nascent dNA molecules at the cell proliferation stage. After 24 h of treatment with Evo, the percentage of EdU-positive cells was significantly lower in the Evo-treated group compared with the control group ( Fig. 5A and B) . Additionally, proliferation analysis was performed using flow cytometry, which indicated that Evo led to cell-cycle delay with the fraction of S-phase cells decreased by Evo and the G0/G1 phase proportion increased by Evo (Fig. 5c and d) .
Finally, whether Evo could affect ERK1/2 phosphorylation in proliferating c2c12 cells was determined. Western blotting demonstrated that Evo markedly inhibited phosphorylation of ERK1/2 (Fig. 5E) . Therefore, we hypothesize that Evo may partially function by inhibiting the activity of the ERK pathway to repress c2c12 myoblast proliferation.
Discussion
In the present study, it was aimed to investigate the effects of Evo on c2c12 myoblasts. Three different concentrations of Evo (50, 100 and 200 nM) were used initially. On day 2 of differentiation, the mRNA expression level of MyoD, MyoG and MyHC was examined. However, Evo had no effect on the mRNA expression of the markers gene. This finding suggested that Evo does not affect early myogenic differentiation. On day 4 of differentiation, the high concentration of Evo significantly increased the mRNA expression of MyoG and MyHC, which are markers of middle and later differentiation stages in C2C12 myoblasts, respectively. Based on these findings, Evo does not have any influence on the mRNA expression of MyoD, a skeletal muscle-specific early transcription factor that has a transcriptional regulation effect on the myogenic program (20) . Therefore, we hypothesized that Evo may use other mechanisms to initiate myogenic differentiation. At 2 days post-differentiation of c2c12 cells, 100 or 200 nM Evo was added to the dM. consistent with expectations, the mRNA expression and protein levels of MyoG and MyHC were dramatically increased compared with the negative control at 4 days of differentiation, although the effect was not concentration dependent. Further confirmation of the above findings was provided by immunocytofluorescence analysis of MyHC expression in myotubes at 4 days of differentiation. Evo treatment markedly induced the expression of MyoG and MyHC, and increased the formation of myotubes. Analysis was continued to 6 days, and MyHC expression was remained significantly increased at this time point. Day 6 is the late period of differentiation for c2c12 cells, MyoD and MyoG expression was not significantly increased by Evo at this stage. These results indicate that Evo has an important effect on c2c12 myogenic differentiation.
The Wnt family of signalling molecules consists of 21 secreted glycoproteins. Wnt signalling includes canonical, planar-cell-polarity and calcium-dependent pathways (21) . Wnt/β-catenin signalling initiates myogenic differentiation of satellite cells by replacing Notch signalling, which is critical for self-renewal of satellite cells through the inhibition of GSK-3 (22) . In gastric cancer stem cells, Evo treatment suppressed the Wnt/β catenin signalling pathway to inhibit proliferation (7) . Notably, the results of the current study indicated that Evo increased the nuclear translocation and accumulation of β-catenin, and activated the transcription of downstream genes, Axin2 and c-Myc, which are two indicators of Wnt/β-catenin signalling activity (23, 24) . The differing results may be due to the different cell types used.
The role of Evo has already been extensively investigated in various cell types. In 3T3-L1 preadipocytes, Evo activated the epidermal growth factor receptor-protein kinase cα-ERK signalling pathway to inhibit adipogenesis (8) . However, the data of the current study indicated that Evo inhibited the phosphorylation of ERK. The opposing result that was reported previously could be due to the use of different cell types. In hyperlipidemic HepG2 cells, Evo exhibited anti-lipogenic and anti-gluconeogenic effects through activation of human constitutive androstane receptor (25) . In tumour cells, Evo promotes anti-proliferative effects and induces cell apoptosis (26) (27) (28) . Evo inhibited the growth of dU145 and Pc3 prostate cancer cell lines via accumulation at the G2/M phase and an induction of apoptosis (29) . Evo has a negative effect on angiogenesis by inhibiting vascular endothelial growth factor expression and ERK phosphorylation (30) . These results support that Evo typically has a negative effect on cell proliferation and that the ERK pathway may be involved in this process.
In conclusion, the findings of the current study demonstrate that Evo can positively regulates differentiation and suppresses the proliferation of c2c12 myoblasts. Evo may be a novel therapeutic agent for enhancing muscle growth.
